applied the term hypertensive pulmonary vascular disease to patients with chronic, severe pulmonary hypertension. They emphasized that this disease is a distinct clinicopathologic entity with uniform clinical features and characteristic morphologic changes of the pulmonary arteries and arterioles irrespective of the etiology of the hypertension. The vascular changes indicate restriction of the pulmonary vascular bed, which may alter pulmonary gas exchange. This study of the respiratory physiology of such patients was undertaken to determine if the uniform clinical picture could in part result from some common, specific pathophysiologic mechanism.
HEATH and Whitaker 1 applied the term hypertensive pulmonary vascular disease to patients with chronic, severe pulmonary hypertension. They emphasized that this disease is a distinct clinicopathologic entity with uniform clinical features and characteristic morphologic changes of the pulmonary arteries and arterioles irrespective of the etiology of the hypertension. The vascular changes indicate restriction of the pulmonary vascular bed, which may alter pulmonary gas exchange. This study of the respiratory physiology of such patients was undertaken to determine if the uniform clinical picture could in part result from some common, specific pathophysiologic mechanism.
Methods Patients Data were obtained in 12 patients with chronic, severe pulmonary hypertension of varied etiology. In four patients interatrial or interventriicular septal defects were established by cardiac catheterization. No intracardiac defects were demonstrated in the other eight patients. The diagnosis of primary pulmonary hypertension in one patient was based upon postmortem observations of pulmonary vascular changes and massive right ventricular hypertrophy. Diffuse pulmonary schistosomiasis was confirmed by biopsy of the lung in another patient. No definite pathologic confirmation is yet available in six patients. In nine patients hemodynamics, ventilation, lung volumes, ventilation-blood flow relationship's, and steadystate carbon monoxide diffusing capacity at rest and at exercise were studied on one or more oc- with modification of the breathing circuilt to provide for automatic end-tidal gas sampling.5 Expired air was analyzed for oxygen with a paramagnetic analyzer, for carbon dioxide in a Scholander microlgas analyzer, and for carbon moinoxide with an infrared carbon monoxide meter.
All calculations of diffusing capacity were corrected for carbon monoxide back pressure, which was assumed equal to the arterial pressure.6
Results

Hemodynamics
Mean pulmonary artery pressures at rest varied between 40 and 90 mm. Hg (table 1) . Normal pulmonary capillary wedge or left atrial pressures were found in eight patients. In the remaining four the catheter could not be wedged despite numerous attempts in different locations. There was a marked increase of the pulmonary arteriolar resistance in 10 patients and a moderate increase in two others (M.H., D.L.). The cardiac output at There was an elevated ratio of residual volume to total lung capacity in nine patients. The maximal breathing capacity was normal in eight and only slightly reduced in four subjects.
Ventilation-Blood Flow Relations,
Pulmonary Diffusion
Hyperventilation both at rest and with exercise was uniformly present and manifest by an increased oxygen ventilatory equivalent, low normal or decreased arterial standard bicarbonate, depressed arterial pCO2, and elevated pH (table 3) . With the exception of M.N., all subjects had an abnormally large physiologic dead space and a high dead space/tidal volume ratio, which increased further with exercise. The end-tidal arterial pCO2 difference at rest varied between 3 and 10 mm. Hg and in four patients increased an additional 5 to 14 mm. Hg with exercise. The steady-state carbon monoxide diffusing capacity, calculated by the end-tidal sampling method, was normal or slightly decreased at rest. With one exception the values calculated from the physiologic dead space were higher. This difference was marked in two patients (L.R., E. La.). Diffusion increased normally with increasing oxygen uptake during exercise in seven patients. In patient M.S., diffusion was maximal at rest with no significant increase despite strenuous exertion (3.2 miles per hour, 8 per cent incline). Arterial oxygen unsaturation at rest was found in all but one patient, although levels below 90 per cent were observed only in the four subjects with proven intracardiac right-to-left shunt. In these four and in M.S. there was a marked desaturation of arterial oxygen with exercise. In the remaining patients arterial oxygen saturation either improved with exercise or remained unchanged.
Discussion Ventilatory Function
Patients with hypertensive pulmonary vascular disease maintain normal ventilatory function as has been previously reported.7 8 This is in contrast to the restrictive ventilatory defect of patients with pulmonary hypertension associated with pulmonary parenchymal dis-ease, mitral valve disease, or left heart failure.9-11 In mitral stenosis and left heart failure the reduced vital capacity is the result of pulmonary capillary congestion. There is no correlation between the reduction of the vital capacity and pulmonary vascular or left atrial pressures, but in mitral stenosis the vital capacity has been found to vary directly with pulmonary compliance.12 In hypertensive pulmonary vascular disease vital capacity remains normal despite a loss of compliance in some patients.7 This suggests that excess lung rigidity in itself does not cause a restrictive ventilatory defect unless there is concomitant reduction of the alveolar volume.
Ventilation-Blood Flow Relations
The low arterial carbon dioxide tension and high pH reflect acute hyperventilation during the performance of the tests, and the low standard bicarbonate implies that hyperventilation is also chronic. The cause of hyperventilation in patients with hypertensive pulmonary vascular disease is not clear. In patients with mitral stenosis and with intracardiac septal defects no consistent relation has been found between hyperventilation and pulmonary vascular pressures, pulmonary vascular resistance, compliance, or pulmonary diffusing capacity.8' 1 Mcllroy and Apthorp suggested that with pulmonary hypertension and right-to-left shunt, hyperventilation may be related to a fall in arterial oxygen tension and perhaps a small rise in carbon dioxide tension. No consistent relation between hyperventilation and the degree of arterial oxygen unsaturation could be demonstrated in our group of patients.
Heath and Whitaker1 postulated that the progressive dyspnea of these patients was related to occlusive lesions of the pulmonary vessels. This relationship is consistent with the abnormally large physiologic dead space, increased dead space/tidal volume ratio and differences in end-tidal arterial carbon dioxide tension in our cases. The increased physiologic dead space could be due in part to an inequality in the distribution of pulmonary blood flow. 13 Since ventilation and gas mixing are generally unimpaired in hypertensive pul-monary vascular disease,7' 8 underperfused and nonperfused but ventilated alveoli would contribute their nonexchanged portion to the dead space gas volume. The observed end-tidal carbon dioxide tension will be lower than the mean, effective alveolar carbon dioxide tension in equilibrium with the end-pulmonary capillary blood. With exercise the rising ratio of dead space to tidal volume indicates an increasing ventilation-blood flow imbalance during exertion. Measurements of diffusing capacity during exercise based upon estimates rather than measurements of the dead space volume may thus be erroneous.8
Diffusion
In seven patients the resting diffusing capacity calculated by the physiologic dead space was normal or slightly low. If there is considerable venous admixture, the arterial pCO2 is slightly higher than the true, effective alveolar pCO2, which results in significant overestimation of diffusion. This might account for the high values noted in the two patients with a large right-to-left intracardiac shunt. Their diffusing capacities were inordinately high at rest and, in L.R., became incalculable with exercise. A similar mechanism might explain the high exercise diffusion in C.F.
In the absence of increased venous admixture the physilologic dead space method probably gives the best esitimate of the true diffusing capacity. Both the breath-holding and the steady-state methods based upon the end-tidal carbon monoxide concentration or upon an assumed value of the dead space tend to underestimate diffusion in patients with hypertensive pulmonary vascular disease when there is an abnormally large physiologic dead space. In these patients the end-tidal sampling method gave significantly lower diffusion values than the physiologic dead space method at both rest and exercise (0.01 < p < 0.02). With an increased dead space the end-tidal sample contained a higher carbon monoxide concentration than the true effective alveolar pCO, resulting in spuriously low values for diffusion. This view is supported by our finding of a decreasing end-tidal carbon dioxide concen-Circulation, Volume XXIX, June 1964 tration in these patients, despite increasing exercise and tidal volume. This is contrary to the findings in normal subjects, who show a rising end-tidal carbon dioxide concentration with increasing exercise and large tidal volumes. If the end-tidal sample method systematically underestimated diffusion, it would be safe to regard the end-tidal values as the lower limits of the true values. This indicates either a normal or only slightly reduced resting diffusion in our patients. In six patients the magnitude of the increase in diffusing capacity with exercise was similar to that found in normal subjects by Holland and Blackett.14 In patient M.S. no significant increase of diffusion occurred, despite exercise sufficient to provoke a ventilation of 65 L./min. Her oxygen uptake was also well below the expected level for the degree of exercise and tended to reach a maximal value while the arterial oxygen saturation decreased from 92 to 72 per cent. Virtually identical results were observed in this patient on another occasion.
The diffusion values in these patients and those previously reported7' 8 are surprisingly good, despite advanced clinical disability and pathologic changes. Woolf 8 speculated that in patients with pulmonary hypertension a low diffusing capacity may result from edema of the pulmonary capillary membrane and partial obstruction of alveolar ducts or respiratory bronchioles secondary to a minute excess of alveolar fluid. Such a mechanism is unproved and seems unlikely in view of the clinical observation that the physical findings of pulmonary edema are absent in such patients. A low diffusion might result from a reduction of the pulmonary capillary bed, which decreases the total area available for diffusion, and from a reduction of the pulmonary capillary blood volume. 15 This dual mechanism has been demonstrated in two patients with primary pulmonary hypertension.'6 The observed changes were small and others,'17 18 using the same methods, did not find any decrease of pulmonary capillary blood volume in a few patients with congenital heart disease and increased pulmonary vascular resistance in the precapillary vessels. M. S. was unusual in that her diffusion was maximal at rest. Her oxygen uptake changed relatively little between moderate and severe exercise (table 3) . With the assumption of a maximal pulmonary capillary blood flow and oxygen uptake, the progressive arterial oxygen unsaturation with exercise, in the absence of alveolar hypoventilation, must result from increased venous admixture via intrapulmonary right-to-left shunts, since intracardiac shunts were not detected. Luchsinger and co-workers 19 suggested that arterial oxygen unsaturation in some patients with hypertensive pulmonary vascular disease is due to incomplete equilibration of the pulmonary capillary blood with the alveolar gas. Incomplete equilibration was attributed to a reduced contact time between alveolar gas and capillary blood secondary to an increased velocity of blood flow in a restricted capillary bed.19 Direct proof of this concept is lacking and their data did not exclude the possibility that the alveolar-arterial oxygen tension differences were due primarily to venous admixture. Theoretically, incomplete equilibration between the pulmonary capillary blood and alveolar air may be due to reduced contact time or to prolongation of the equilibration time.
The former occurs whenever the ratio pulmonary capillary volume/capillary flow is decreased. Prolongation of the equilibration time occurs whenever the oxygen tension of the mixed venous blood entering the pulmonary capillaries is less than approximately 25 mm. Hg, because the slope of the oxyhemoglobin dissociation curve is increasing rather than decreasing at this tension.20 Figure 1 demonstrates this prolongation of equilibration time.
Whether some combination of reduced contact time and prolonged equilibration time does, in fact, contribute to the hypoxemia of these patients is uncertain. Data obtained in normal dogs suggest that marked lowering of the mixed venous oxygen tension alone does not prevent complete equilibration of the endcapillary blood.21
Summary and Conclusions
The anatomic lesions of hypertensive pulmonary vascular disease primacrily cause a re- In 1827 appeared Volume I of his Reports of Medical Cases Selected with a View of Illustrating the Symptoms and Cure of Diseases by a Reference to Morbid Anatomy. The first 88 pages deal with diseases of the kidney with clinical and post-mortem notes of twenty-three cases and five beautiful hand-coloured plates. This, the most famous of Bright's papers, has become a landmark in the history of medicine.
In 1833 Bright delivered the Gulstonian Lectures, which were published in the London Medical GaZette (vol. xii), on 'The Functions of the Abdomen, and some Diagnostic Marks of its Disease.' The latter part of the second Lecture is devoted to renal disease and the changes in the urine by which it may be recognized.
Then followed two papers in the first volume of the Guy's Hospital Reports ( 
